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Abstract: The carbon-based nanomaterial family consists of nanoparticles containing allotropes 
of carbon, which may have a number of interactions with biological systems. The objective of this 
study was to evaluate the toxicity of nanoparticles comprised of pristine graphene, reduced gra- 
phene oxide, graphene oxide, graphite, and ultradispersed detonation diamond in a U87 cell line. 
The scope of the work consisted of structural analysis of the nanoparticles using transmission elec- 
tron microscopy, evaluation of cell morphology, and assessment of cell viability by Trypan blue 
assay and level of DNA fragmentation of U87 cells after 24 hours of incubation with 50 Ug/mL 
carbon nanoparticles. DNA fragmentation was studied using single-cell gel electrophoresis. 
Incubation with nanoparticles containing the allotropes of carbon did not alter the morphology 
of the U87 cancer cells. However, incubation with pristine graphene and reduced graphene 
oxide led to a significant decrease in cell viability, whereas incubation with graphene oxide, 
graphite, and ultradispersed detonation diamond led to a smaller decrease in cell viability. 
The results of a comet assay demonstrated that pristine graphene, reduced graphene oxide, 
graphite, and ultradispersed detonation diamond caused DNA damage and were therefore 
genotoxic in U87 cells, whereas graphene oxide was not. 

Keywords: nanostructures, graphene, graphite, diamond, glioblastoma multiforme, geno- 
toxicity 

Introduction 

Glioblastoma multiforme (GBM) is one of the most common and malignant primary 
tumors of the brain. Despite the use of very aggressive treatment methods, including 
surgical resection, local radiotherapy, and chemotherapy, its infiltrative and intensive 
growth makes it mostly incurable. 12 Moreover, even the most promising chemothera- 
peutics may have toxic effects on healthy cells, which can be fatal in GBM given that 
the tumor is surrounded by healthy neurons and astroglial cells. The survival of a patient 
diagnosed with GBM is unlikely to exceed 12 months. 3 Therefore, it is important to 
develop new treatments that extend survival in patients with GBM. 

Carbon nanoparticles have recently been identified as promising agents in 
cancer therapy, 4-7 and are strong candidates for becoming viable materials in bio- 
medical applications because of their biocompatibility when compared with metal 
nanoparticles. 8 " 10 However, nanoparticles containing allotropes of carbon show dif- 
ferent behavior, routes of distribution, and toxicity within a living organism. 11,12 

Graphene is a two-dimensional, one atom-thick layer of sp 2 bonded carbon. 13 This 
means that carbon atoms, through hybridization between one s orbital and two p orbitals, 
form trigonal planar structures with a bonds between them and, perpendicular to the 
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planar structure, n bonds. Graphene has been investigated for 
use in a number of medical and biological areas, including 
drug/gene delivery, cancer therapy, biosensing, bioimaging, 
antibacterial materials, and scaffolds for cell culture. 14 How- 
ever, different forms of graphene, such as graphene oxide 
(GO) and reduced graphene oxide (rGO), produced by 
chemical reactions, 15 or pristine graphene (GN), produced by 
physical methods, may have different properties. 16 Akhavan 
et al 17 showed that the genotoxicity and cytotoxicity of 
graphene sheets and nanoplatelets in human mesenchymal 
stem cells depended on their concentration, size, and dura- 
tion of exposure. Graphene nanoplatelets with an average 
lateral dimension of 11+4 nm have a very high cytotoxic 
potential and ability to penetrate into the nucleus of human 
mesenchymal stem cells, causing DNA fragmentation and 
chromosomal aberrations, even at very low concentrations. 
It was shown that GO had no significant cytotoxic effects 
in A549 cells; 18 however, some modifications of GO, caus- 
ing changes in surface charge, had cytotoxic and genotoxic 
effects in human lung fibroblasts. 19 Recently, Jaworski 
et al 20 demonstrated dose-dependent cytotoxicity of GN 
nanoplatelets on GBM cells. Further, they showed that 
flakes of graphene adhered to the cell membrane and induced 
apoptosis, with necrosis observed in a small number of cells. 
It seems that, due to the high diversity of graphene-related 
structures, there are still not enough studies comparing the 
bioactivity of the different graphenes to determine their 
potential application in cancer therapy. 

The other promising carbon nanoparticles are those com- 
prised of graphite and diamond. Previous studies suggested 
that graphite nanoparticles inhibit angiogenesis without 
affecting embryonic development. 21 These antiangiogenic 
effects indicate that graphite could be a potential anticancer 
agent or a supporting factor in cancer therapy. In comparison 
with graphene and graphite, diamond nanoparticles consist of 
sp 3 bonded carbon atoms, forming a structure with tetrahedral 
symmetry. Diamond nanoparticles are highly biocompatible 
and may be effective agents for bioimaging, drug delivery, 
and cancer therapy. 8,22,23 However, diamond nanoparticles 
incubated with HeLa cells in serum-free medium were 
shown to be highly cytotoxic, with death of almost all cells 
after 6 hours of incubation. 22 It was also demonstrated that 
diamond nanoparticles may damage the DNA of embryonic 
stem cells. 24 Nevertheless, the specific mechanism of these 
interactions is still not clear. 

Graphene and its related forms, graphite and diamond, 
being different carbon atom structures, may have cytotoxic 
effects that could be utilized as anticancer treatments, but 



their genotoxicity is unknown. Knowing the cytotoxicity 
related to genotoxic effects may be key information for 
applying graphene, graphite, and diamond nanostructures 
as agents or drug carriers in anticancer therapy. Moreover, 
until now, there has been insufficient information regarding 
the genotoxicity of graphene, diamond, and graphite nano- 
particles towards GBM cells. We hypothesized that because 
of their physicochemical characteristics, different forms of 
graphene and related graphite and diamond nanoparticles 
may exert different toxic effects on GBM cells. Therefore, 
the objective of this study was to compare the genotoxic 
effects of nanoparticles containing different allotropes of 
carbon on GBM cells in vitro. 

Materials and methods 

Preparation and characterization 
of carbon nanoparticles 

Graphene powders (purity >99.99%) were purchased as 
follows: GN from Sky Spring Nanomaterials (Houston, 
TX, USA), and rGO and GO from the Institute of Elec- 
tronic Materials Technology (Warsaw, Poland). GN was 
produced by liquid-phase exfoliation of graphite, whereas 
GO was produced by chemical oxidation of graphite and 
rGO by chemical reduction of GO. Graphite nanoparticles 
(purity >93%, synthesized by the detonation method) were 
purchased from SkySpring Nanomaterials. Ultradispersed 
detonation diamond (UDD, purity >95%) was purchased 
from SkySpring Nanomaterials. UDD was synthesized by the 
Danilenko method. 25 The shape and size of the nanoparticles 
were inspected using a JEM-2000EX transmission electron 
microscope operating at 80 keV (JEOL Ltd, Tokyo, Japan). 
The samples for transmission electron microscopy were pre- 
pared by placing hydrocolloid droplets onto Formvar-coated 
copper grids (Agar Scientific, Stansted, UK). Immediately 
after the droplets had dried in dry air, the grids were inserted 
into the transmission electron microscope. The test was 
performed in triplicate. The zeta potential was measured in 
water by a ZEN3500 Zetasizer Nano ZS (Malvern Instru- 
ments, Malvern, UK). 

Prior to application, the carbon nanoparticles were dis- 
persed in ultrapure water to prepare a 1 .0 mg/mL solution. 
The solution was sonicated for 30 minutes and diluted to a 
concentration of 50 Lig/mL with lx Dulbecco's Modified 
Eagle's Medium (Sigma-Aldrich, St Louis, MO, USA). 

Cell cultures 

A human GBM U87 cell line was obtained from the American 
Type Culture Collection (Manassas, VA, USA) and cultured 
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in Dulbecco's Modified Eagle's Medium with addition 
of 10% fetal bovine serum and 1% penicillin and strepto- 
mycin (Sigma- Aldrich) at 37°C in a humidified atmosphere 
of 5% C0 2 and 95% air inside a NuAire DH AutoFlow 
C0 2 air-jacketed incubator (Plymouth, MN, USA). 

Cell morphology 

The U87 cells were incubated on six-well plates (lxlO 5 cells 
per well) and cultivated for 24 hours. GN, rGO, GO, graph- 
ite, and UDD were introduced to the cells separately at a 
constant concentration of 50 ug/mL. Cells cultured with- 
out the addition of nanoparticles were used as the control 
group. After 24 hours of exposure to the nanoparticles, the 
medium was removed and the cells were stained using the 
May-Griinwald-Giemsa (Sigma-Aldrich) method, and their 
morphology was investigated using a CKX 41 epifluorescent 
inverted microscope with a fluorescent filter (Olympus, 
Tokyo, Japan); images were captured using a ProgRes® 
cl2 camera (Jenoptik, Jena, Germany). 

Cell viability 

Cell viability was evaluated using Trypan blue (Sigma- 
Aldrich). U87 cells were cultivated in six-well plates 
(5xl0 5 cells per well) and incubated for 24 hours. GN, rGO, 
GO, graphite, and UDD were then introduced separately 
to the cells at a concentration of 50 Ug/mL for all types of 
nanoparticles. Cells without nanoparticles were used as the 
control. After 24 hours, the medium was removed, and the 
cells were detached using 0.005% trypsin. Next, 50 uL of 
a Trypan blue dye solution was mixed with 50 uL of cell 
suspension. The mixture was placed onto counting slides and 
counted using a TC10™ automated cell counter (BioRad, 
Hercules, CA, USA). 

Single cell gel electrophoresis 

The genotoxicity of GN, rGO, GO, graphite, and UDD was 
evaluated using single-cell gel electrophoresis (the comet 
assay). 26,27 This procedure was based on the modified proto- 
col described by Dhawan et al. 28 U87 cells were incubated 
for 24 hours in six-well plates (lxlO 6 cells per well). GN, 
rGO, GO, graphite, and UDD were introduced to the cells 
separately at a constant concentration of 50 ug/mL. Cells 
grown without the addition of nanoparticles were used as the 
control group. After 24 hours of exposure to nanoparticles, 
the medium was removed, and the cells were rinsed with 
phosphate-buffered saline and trypsinized using 0.005% 
trypsin for 5 minutes. Higher concentrations of trypsin may 
increase DNA damage, so were not used. The cells were 



then washed and suspended in 1 mL of phosphate-buffered 
saline. Approximately 10,000 cells in 10 uL were mixed 
with low melting point agarose (A9414, Sigma-Aldrich) 
and immediately applied on a standard microscope glass 
slide, which had been coated a day earlier with 1% nor- 
mal melting agarose (RM273, HiMedia Laboratories, 
Mumbai, India). The slides were immersed in cold lysing 
solution and stored for 90 minutes in the dark at 4°C. The 
slides were placed into DNA Comet electrophoretic sys- 
tem trays (Kucharczyk, Techniki Elektroniczne, Warsaw, 
Poland) and covered with fresh electrophoresis alkaline 
buffer (300 mM NaOH, 1 mM ethylenediaminetetraacetic 
acid, pH >13) for 20 minutes to allow unwinding of DNA 
and expression of alkali-labile damage. Next, electrophore- 
sis was conducted at 24 V for 30 minutes. The slides were 
then gently lifted from the buffer, drained, and immersed in 
neutralization buffer (0.4 M Tris, pH 7.5) for 5 minutes. The 
slides were then drained, and this step was repeated twice. 
Next, the slides were stained using 50 uL of 4', 6-diamidino- 
2-phenylindole (D9542, Sigma-Aldrich). All of the above 
steps were performed under dimmed light to prevent any 
DNA damage from fluorescent white light. The slides were 
viewed using a CKX 41 epifluorescent inverted microscope 
with a fluorescent filter, and the image was captured with a 
ProgRes cl2 camera. At least 50 cells per group were ran- 
domly selected, photographed, and analyzed using Comet 
Assay Software Project software. 29 

Statistical analysis 

The data were analyzed using one-way analysis of variance 
followed by Tukey's multiple range test. P-values <0.05 
were considered to be statistically significant. Statgraphics 
Centurion software (StatPoint Technologies, Warrenton, VA, 
USA) was used for the statistical analysis. 

Results 

Characterization of nanoparticles 
containing carbon allotropes 

The mean zeta potential for the nanoparticle samples 
was -9.61 for GN, -38.3 for rGO, -45.2 for GO, 28.7 for 
graphite, and -39.3 for UDD. 

Figure 1 shows representative transmission electron micro- 
graphs of the nanoparticles. Although the thickness of the mate- 
rials used was in the nanoscale range, the surface area of the 
graphene sheets was not, ranging from 450 nm to 1 .5 |im and 
forming agglomerates over 5 um in diameter. The variation in 
size of the GO nanoparticles was greater, ranging from 1 00 nm 
to agglomerates as large as 10 um. Most of the sheets of 
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Figure I Characterization of nanoparticles by transmission electron microscopy. (A) Reduced graphene oxide, (B) pristine graphene, (C) graphene oxide, (D) ultradispersed 
detonation diamond, and (E) graphite. 



graphene were visible as a single layer or a few layers. rGO 
showed the largest irregularities in shape, especially on the 
edges, forming sharp and rough structures. GN nanoparticles 
also had irregular and sharp edges. On the other hand, GO 
had more smooth edges and formed more regular structures. 
Both UDD and graphite had a size distribution between 4 nm 
and 5 nm and showed a tendency to form agglomerates. 

Cell morphology 

Images from May-Griinwald-Giemsa (Figures 2B-2D) showed 
high affinity of graphene for the cell membrane, specifically 
for the body of the cell rather than its protrusions. Moreover, 
the images show very high uptake of UDD and graphite 
(Figures 2E and 2F). However, when compared with the control 
group, none of the nanoparticles altered the cell morphology. 



Cell viability 

The viability assay (Figure 3) revealed that incubation of 
U87 cells with rGO, GN, GO, graphite, and UDD resulted 
in an increase in cell mortality. Incubation with GN and rGO 
markedly decreased cell viability, whereas incubation with 
GO, graphite, and UDD led to a small decrease in viability. 

Genotoxicity 

The comet assay showed formation of comets in cells 
incubated with GN, rGO, graphite, and UDD, indicating 
genotoxic properties. In contrast, cells treated with GO did 
not form comets, which was similar to cells from the control 
group (Figure 4). Statistical analysis showed that rGO, GN, 
graphite, and UDD were highly genotoxic towards U87 cells, 
whereas GO was not (Figure 5). 
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Discussion 

In the present studies GN, rGO, GO, graphite, and UDD were 
introduced to the cells at the concentration of 50 |ig/mL. This 
concentration was chosen based on our earlier finding that 
at 50 u,g/mL (comparing with lower and higher concentrations) 
most cells were viable. 20 Our measurements were carried out 
only in the U87 cell line, and the responses to graphene are 
only specific for this line. 20 Although this limits the generaliz- 
ability of our results, they are still indicative of the responses 
of cancer cells to graphene and other carbon allotropes. 

Visualization of GN, rGO, and GO (Figure 1) showed 
that the thickness of the graphene-based materials used was 



consistent with their characteristic thin layer of bonded carbon 
atoms. The high affinity of graphene for cell membranes 
(Figures 2B-2D), specifically the body of the cell rather than 
its protrusions, is in agreement with previous reports. 20 How- 
ever, graphene was not able to penetrate the cell membrane 
caused by the high surface area. In contrast with graphene, 
UDD penetrated the cell membranes (Figure 2E). According 
to previous studies, diamond nanoparticles up to 100 nm in 
size are internalized by cells via macropinocytosis and clath- 
rin-mediated pathways, 12 30 and localize mainly in endocytic 
and clathrin-coated vesicles. 12,30 Smaller particles (5-10 nm) 
are able to escape the vesicles or penetrate into the cells via 
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Figure 3 Cell viability assay. 

Notes: The columns with different letters (A-D) indicate significant differences between groups (P<0.05). 

Abbreviations: C, control; GO, graphene oxide; G, graphite; UDD, ultradispersed detonation diamond; rGO, reduced graphene oxide; GN, pristine graphene. 
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Figure 4 Images of comets from single-cell gel electrophoresis stained with DAPI (4', 6-diamidino-2-phenylindole). Images show control cells (A) and cells incubated with 
graphene oxide (B), graphite (C), pristine graphene (D), graphite (E), and ultradispersed detonation diamond (F). 
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Figure 5 Tail DNA percentage. 

Notes: The columns with different letters (A-C) indicate significant differences between groups (P<0.05). 

Abbreviations: C, control; GN, pristine graphene; rGO, reduced graphene oxide; GO, graphene oxide; G, graphite; UDD, ultradispersed detonation diamond. 



passive transport. 12 In our study, graphite nanoparticles also 
penetrated cell membranes (Figure 2F). The exact mechanism 
of this process is unknown, although the size of graphite, 
which is similar to the size of UDD, may play a role. 

Incubation with GN and rGO markedly decreased cell 
viability, and may be attributable to the physical and chemi- 
cal properties of graphene. rGO showed a high affinity for 
the cell membranes, but the irregular and sharp edges of 
rGO and GN could be damaging the integrity of the mem- 
brane. 31 Another explanation is that rGO and GN activate 
receptors present on the cell membrane, which may cause 
apoptosis of cells by activation of the mitochondrial pathway 
associated with the combined role of transforming growth 
factor-beta and mitogen-activated protein kinases. 20,32 On the 
other hand, GO, which has a high content of oxygen, regular 
edges, a smaller size, and hydrophilic properties, increased 
cell mortality only slightly. Recent studies also showed 
that GO had very low cytotoxicity and could not induce 
apoptosis in RPMI-8226 cells. 33 However, further studies 
of internalization and localization of graphene within cells 
are required. UDD uptake, as previously mentioned, did 
not cause any significant membrane damage and therefore 
did not increase cell mortality. Other studies 8,23 have shown 
that the presence of diamond nanoparticles inside cells is 
not cytotoxic. It is possible that graphite nanoparticles, 
which are similar in size to UDD, also penetrated the cell 
membrane without inducing membrane damage or affecting 
cell mortality. 



Images of DNA comets indicate that GN, rGO, graphite, 
and UDD, but not GO, have a strong genotoxic effect in 
U87 cells (Figure 4). Statistical analysis of the study data 
confirmed that, after 24 hours of incubation with nanopar- 
ticles at a concentration of 50 |J.g/mL, GN, rGO, graphite, 
and UDD, severe genotoxicity occurred in U87 cells, whereas 
GO did not seem to have any genotoxic effects (Figure 5). 
The genotoxicity of GN and rGO may be explained by the 
high mobility and sharp edges of graphene. Penetration of 
graphene nanosheets can partially damage the membrane 
of the cell, resulting in destruction of the cell. GN and rGO 
can then interact directly with the DNA in the nucleus of the 
cell. This fact is confirmed by experimental data showing 
that the threshold for graphene genotoxicity is significantly 
lower than the threshold of its cytotoxicity, which can be 
explained by the direct interaction between graphene and 
nuclear DNA. 17,31 The difference in genotoxicity between 
GN, rGO, and GO might be attributable to the different 
structures of rGO and GO. rGO and GN, which are hydro- 
phobic and have many more rough edges, might be more 
potent in damaging cell membranes and penetrating into 
the cell. They can then interact directly with nuclear DNA, 
with significant genotoxic effects. GO has smoother edges 
and hydrophilic properties, and seems to be less potent in 
terms of penetrating cell compartments and interacting with 
DNA, resulting in the absence of genotoxic effects. Further- 
more, it has been demonstrated that GO particles smaller 
than 500 nm may be internalized via clathrin-mediated 
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endocytosis by interaction with proteins. 34 On the other 
hand, Yue et al 35 showed that 350 nm GO are wrapped by 
active filopodia of macrophages, while 2 um GO enter cells 
nearly perpendicularly. This mechanism may trap GO inside 
vesicles, making it impossible for GO to penetrate into the 
nucleus and interact directly with DNA. 

UDD was very potent in penetrating the cell membrane. 
Previous studies have demonstrated that diamond nanopar- 
ticles have a high level of biocompatibility, and are located 
in the cytoplasm and perinuclear region but do not enter the 
nucleus. 12 - 30 However, our study indicated otherwise. UDD 
induced a high genotoxic effect in U87 cells. The mechanism 
of this interaction is still unclear, but is possibly due to the 
ability of diamond to bind with proteins and somehow inter- 
rupt cellular DNA repair mechanisms. Graphite nanoparticles 
had genotoxic effects similar to those of UDD. This may 
be explained by the small size of graphite. It is possible 
that these small nanoparticles may penetrate directly into 
the nucleus or disrupt the function of proteins essential for 
DNA repair. 

It has to be underlined that this preliminary study indi- 
cated different effects of the applied carbon allotropes on cell 
viability and DNA damage, thereby, showing directions for 
further research on mechanisms of action of carbon allotropes 
on GBM cell responses. 

Conclusion 

Incubation of U87 cells for 24 hours with 50 ng/mL GN, rGO, 
GO, graphite, or UDD resulted in decreased cell viability. 
GN, rGO, graphite, and UDD showed high levels of geno- 
toxicity in U87 cells, whereas GO did not. These preliminary 
findings indicate the potential use of GN, rGO, graphite, and 
UDD in the direct elimination of GBM cells or GO as a drug 
nanocarrier with minimal toxicity. 
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